The growth of tall, single-walled carbon nanotube (SWNT) forests is often believed to require the use of specific feedstocks (e.g., ethanol) or etchants (e.g., water). Here, on the basis of mass spectrometry for hydrogendiluted methane in a microwave plasma-enhanced chemical vapor deposition (PECVD) reactor, we develop a purely thermal CVD process for SWNT forests without an etchant gas. The thermally grown SWNT forests are found to have a similar high quality, purity, growth rate, areal density, diameter, and chirality distribution as in the PECVD case. We show that C 2 H 2 is the main growth precursor, and suggest more generally that feedstock conversion to C 2 H 2 is of key importance to SWNT forest CVD. A reactive etchant, such as water, atomic hydrogen, or hydroxyl radicals, can widen the SWNT forest deposition window but is not required in cold-wall reactors at low pressures.
There is often a desire to lower the SWNT growth temperature; for example, to enhance compatibility with Si process technology. A general approach is to activate precursors with a plasma or hot filament. 24, 25 Plasma-enhanced CVD (PECVD) is also reported to give preferential growth of semiconducting nanotubes by some groups. 26, 27 Such selective control of SWNT properties by choice of catalyst and process conditions would widen the application potential. However, to date, the role of plasma/hot filament enhancement is still contentious. Overall, some basic questions need clarification: (1) the role of the plasma during growth, (2) the nature of the growth species, (3) the need for and role of an etchant.
We recently employed remote microwave PECVD to grow tall, high-density SWNT mats. 14, 19, 28 In this letter, we couple this remote microwave PECVD growth reactor to a thermal CVD system equipped with a mass spectrometer. We reproduce the local gas conditions of the remote plasma by a simple gas mixture and then use this to grow essentially identical SWNT mats by cold-wall thermal CVD without a plasma. This allows us to clarify each of the issues above. We find that plasma excitation is not necessary for SWNT forest growth, acetylene is the primary growth species, and a reactive etchant (e.g., water, atomic hydrogen or hydroxyl radicals) is not required in coldwall reactors if the hydrocarbon activity is low. We thereby develop simple thermal CVD conditions for the scalable growth of high-density SWNT mats. For our CVD conditions and the widely used Fe/Al 2 O 3 catalyst system, we find no enrichment of semiconducting or metallic SWNTs.
We use an Astex-style 2.45 GHz microwave plasma system in a stainless steel chamber of base pressure 10 -5 mbar, as commonly used in diamond CVD. Substrates are heated on a boron nitride-coated graphite (PBN/PG) heater element kept ∼45 mm away from the plasma ball and separated by a plate mesh, which confines the plasma away from the substrate but allows free transport of gaseous species to the substrate. The temperature of the heater element is controlled by a Eurotherm 3216 controller and monitored by a type C thermocouple. The thermocouple feedback balances indirect substrate heating by the plasma, which is small under remote conditions. The gas outflow of the microwave plasma reactor is connected to a second, cold-wall stainless steel CVD chamber with 10 -8 mbar base pressure (equipped with a similar heater element). A differentially pumped electrostatic quadrupole plasma (EQP) mass spectrum analyzer (Hiden Analytical) is attached to the second chamber.
The substrates are polished Si(100) wafers sputter-coated with nominally 0.5 nm Al (top layer)/0.5-0.7 nm Fe/10 nm Al. The Al layers oxidize in air to give the Al 2 O 3 support layers. Fe/ Al 2 O 3 support interactions restrict the Fe surface mobility, stabilizing small catalyst nanoparticle dimensions at the elevated CVD temperatures and leading to a high nanotube nucleation density. 21 The nanotube samples are characterized by scanning electron microscopy (SEM, LEO 1530 VP FEGSEM), high resolution transmission electron microscopy (HRTEM, FEI Titan), Raman spectroscopy (Dilor XY800 spectrometer with triple monochromator, Ar-Kr laser and tunable lasers, and Renishaw 1000), and thermogravimetric analysis (TGA, TA-Q500).
We use the following standard conditions for PECVD: 29 (1) preheat the substrates to 650°C for 5 min in 20:180 sccm CH 4 / H 2 at 15 mbar, (2) ignite the 600 W microwave plasma to start nanotube growth. Figure 1a , b shows a cross-sectional SEM image and Raman spectra of an as-grown SWNT forest. Millimeter-high forests can be achieved, 28 but here, we stopped growth after 10 min to give a 200-µm-high forest, an average growth rate of ∼20 µm/min. The large cracks indicate a high SWNT density, which we estimate to be ∼10 12 cm 2 . 19, 29 Note that for hydrogen/methane mixtures, nanotubes grow only when the plasma is on. Hence, the growth species is not methane, but a long-lived species created by the plasma, such as the methyl monoradical or the acetylene molecule. Figure 2a shows the EQP mass spectrum of neutral species probed downstream of the microwave chamber under the growth conditions of Figure 1a . The second CVD reactor and the EQP probe were thereby differentially pumped to 0.4 mbar and 1.1 × 10 -6 mbar, respectively. The mass spectra are simpler than those found when directly probing in a CH 4 /H 2 plasma. 30 For the two-chamber setup, we probe only relatively stable species. At 15 mbar, the mean free path of gas species is a few micrometers, so short-lived diradicals and ions such as C and CH 2 do not contribute. Apart from the CH 4 feed gas, Figure 2a shows C 2 H 2 (26, 25 amu) and C 2 H 4 (28, 27, 26, 25 amu). Other hydrocarbon species over 80 amu are negligible. Note that m/z assignments can be ambiguous, with, for example, m/z 28 amu in the baseline mass spectrum corresponding to either N 2 or CO. However, the conversion yield of CH 4 to C 2 H 2 and C 2 H 4 varies with plasma power, allowing a clear assignment of these peaks.
To unambiguously identify the growth species, we reproduced the main features of the mass spectrum for the 20:180 sccm CH 4 /H 2 microwave plasma in Figure 2a by a 9.6:4.4:185 sccm CH 4 /C 2 H 2 /H 2 gas mixture without plasma. Because C 2 H 2 is the dominant reactive species for plasma excitation at 15 mbar 24, 30 and because CH 4 does not contribute to SWNT growth, we simplified this to a 5:195 sccm C 2 H 2 /H 2 mixture for thermal growth. Figure 2b shows the resulting mass spectrum for the same total pressures as the plasma conditions above. Note that commercial C 2 H 2 gas cylinders contain acetone, giving a low purity of ∼99.6%. The 43 amu in Figure 2b corresponds to acetone. However, this subtle difference does not affect SWNT forest growth. Acetone is a weak precursor for SWNT CVD, 31 and we note that acetone contains oxygen, hence it might act as growth enhancer similar to H 2 O. We emphasize that our remote PECVD growth atmosphere has no acetone contamination, but nevertheless gives the same SWNT mats. Our thermal CVD process is as follows: (1) Figure 1c shows a typical SWNT forest grown under these cold-wall thermal CVD conditions. The growth rate, SEM topography, and Raman signature are very similar to those from the microwave PECVD in Figure 1a , b. The successful thermal growth from C 2 H 2 /H 2 in a cold-wall reactor confirms that C 2 H 2 is the main growth species of SWNT forests in both plasma-assisted and thermal CVD. This is consistent with the molecular beam data of Eres et al. 31 In addition, Sugime et al. 32 has shown that C 2 H 2 is among the decomposition products of C 2 H 5 OH for hot-wall furnace conditions. Hence, in general, we suggest that acetylene is the key precursor for a large range of CVD processes leading to CNT forest growth, including alcohol or ethylene in hot-wall CVD reactors. In addition, there is no etchant in our process conditions because atomic hydrogen is not produced at 650°C.
Extending our growth time for thermal CVD from 10 min to 1.5 h produces 1.4-mm-high SWNT forests. The SWNT length increases almost linearly with time, and SWNT quality remains almost unchanged. 28, 29 In contrast, atmospheric pressure hotwall CVD exhibits fast SWNT growth, terminating abruptly after some tens of minutes, whereas longer growth times give codeposition of carbonaceous overlayers. 22, 33 Hot-wall conditions can cause hydrocarbon cracking and polymerization in the gas phase. Hence, similar to plasma/hot filament conditions, we suggest that etchants are of high importance to minimize amorphous carbon deposition and to yield high-quality SWNT forests. 16, 23, 34 On the other hand, in our cold-wall reactor, etchants appear to have little effect on SWNT growth so that a carefully calibrated thermal CVD atmosphere can replace the balance between active carbon and etchant species in hot-wall CVD or plasma/hot filament conditions. The growth-prolonging etching effects of water, oxygen, or atomic hydrogen are more critical for hot-wall systems. Another factor is that a high carbon activity, such as a high hydrocarbon partial pressure, can lead to MWNT growth instead of SWNTs. This is because if the carbon supply is too fast, more walls grow. 35 To investigate the effects of water in our cold-wall CVD, we intentionally introduced up to 20 sccm H 2 O via a needlevalve-controlled inlet into the second CVD chamber, together (via a separate inlet) with the outflow of the 20:180 sccm CH 4 / H 2 (600 W power) microwave plasma from the first chamber at 15 mbar, then switched on the PBN/PG heater to start nanotube growth. This H 2 O level is very high compared to the ∼100 ppm levels used by Futaba et al. 22 Figure 3a shows the mass spectrum. Compared to Figure 2a , the H 2 O peak at 18 amu is clearly increased. Even at such high water levels, nanotube forests nucleate (Figure 3b ). H 2 O variations from 0 to 20 sccm showed no acceleration or prolongation of the forest growth. In fact, the forest in Figure 3b mainly consists of MWNTs, which we attribute to the different pretreatment; in particular, to heating up in a C 2 H 2 -containing atmosphere. Here, water appears to also not have affected the coarsening of the Fe catalyst film. 36 Water in our cold-wall CVD conditions does not act as an efficient etchant, but neither is it needed.
A further series of experiments allowed us to identify C 2 H 2 injection/concentration and catalyst pretreatment as key parameters for SWNT forest nucleation. Under otherwise identical conditions at a total flow rate of 200 sccm, the nanotube growth rate increases for C 2 H 2 concentrations from 1% to 10% and then falls with a further increase to 15%. Raman measurements show, however, that for 5-7.5% C 2 H 2 , the samples are mixtures of SWNTs and MWNTs with stronger D peaks and weaker radial breathing mode (RBM) signatures. At over 10% C 2 H 2 , the nanotubes are mainly MWNTs with no RBM modes and a D/G ratio close to 1. The transition from SWNTs to MWNTs is in agreement with the nanotube growth model of Wood et al., 35 which, however, does not correctly reflect our growth rate changes.
The Raman spectra of the CVD and PECVD nanotubes show sharp RBMs at 100-350 cm -1 , a two-peaked G band at 1590 cm -1, and a low-intensity D band (1330 cm -1 ), indicative of high-quality SWNTs. Raman spectra (Figure 1d ) measured at the forest surface and various cross-sectional positions show little variation, suggesting sample homogeneity. Figure 4a shows a detailed comparison of RBM spectra measured at multiple wavelengths, which allows chiral indexing and distinguishes between metallic (M) and semiconducting (S) SWNTs. 7 The chiral distribution map of Figure 4b shows that the SWNT forests grown by microwave PECVD and thermal CVD have a similar broad diameter distribution. All tube chiralities (0°e θ e 30°) are present, with no enrichment of semiconducting SWNTs. There is an interesting contrast to Qu et al. 27 and Li et al., 26 who report preferential growth of semiconducting SWNTs from similar catalyst films by low pressure C 2 H 2 and Ar-diluted CH 4 PECVD, respectively.
The HRTEM images in Figure 5 indicate that our SWNT forests are of very high purity and quality. There were not only no signs of any Fe catalysts or obvious amorphous carbon but also no MWNTs or double-walled nanotubes (DWNTs). Direct imaging of the atomic structure enabled the SWNT chiralities to be assigned. Figure 5a (i) shows a small, 0.9-nm-diameter SWNT that is indexed as (10, 3) . Figure 5a (ii) shows a larger, 2.59-nm-diameter SWNT, which is indexed as (23, 15) . The nanotube diameters were measured by taking a line profile perpendicular to the tube axis, and the chiral angle vector for (n, m) assignment was measured from the optical diffraction produced in the 2D fast Fourier transform. The diameters for ∼40 tubes have a broad distribution over 0.5-3 nm, with an average of 1.3 nm (Figure 5b ). This is consistent with the Raman analysis of Figure 4b . The broad diameter and chirality distributions are similar to those from hot-wall, water-assisted CVD, 37 but because we use a thinner catalyst layer, the mean diameter is lower in the 0.5-3.0 nm range.
The nanotube quality was further checked by TGA. We find the oxidation temperatures of SWNT forests grown by thermal CVD and PECVD to be similar. The derivative spectrum shows one sharp peak at ∼675°C, corresponding to SWNT combustion from 550 to 750°C. The thermal CVD samples show lower amorphous carbon content, agreeing with the HRTEM data.
We previously showed that a narrow Fe thickness range (0.3-0.7 nm) on Al 2 O 3 support, followed by a short 5 min thermal pretreatment in reducing conditions of H 2 or CH 4 /H 2 leads to PECVD growth of high-density (10 12 cm 2 ) SWNT forests. 19 We find the same for our thermal CVD conditions.
In-situ XPS studies identified metallic Fe as the active growth catalyst. 38 The interaction between Fe and Al 2 O 3 does enhance forest nucleation. 21 The initially oxidized Fe film must first be reduced. However, once reduced, the Fe nanoparticles are prone to coarsening. Catalyst films thicker than 1 nm or a heat pretreatment longer than 20 min would inevitably result in nucleation and growth of DWNTs/MWNTs due to the formation of large catalyst particles. It was recently reported that increases in the nanotube areal density can be achieved by the delayed introduction of H 2 . 39 We emphasize that our thermally grown SWNT forests have an areal density that is about 2 orders of magnitude higher than reported for those MWNT forests.
Summarizing, by analyzing the gas composition of a remote plasma reactor, we have been able to develop a thermal CVD process to grow high-purity, high-density SWNT forests without the presence of an etchant gas. The process is possible using a cold-wall reactor, which reduces hydrocarbon pyrolysis and polymerization reactions, which reduces the need for an etchant. We showed that acetylene is the growth precursor, and the ignition of a plasma acts as a fast gas switch converting CH 4 to C 2 H 2 . This suggests remote plasma-assisted CVD could be replaced by thermal cold-wall CVD for larger-scale production of SWNT forests.
